The separate effects of dietary composition and time of nutrient intake on apoprotein B (apo B) gene expression in rabbit intestine and liver were determined. After an overnight fast, there were insignificant effects of the long-term consumption of a diet containing saturated fat on the tissue levels of apo B mRNA, although plasma cholesterol levels were elevated as compared to those of animals consuming a diet containing unsaturated fat. However, when the animals were studied 2 hours after receiving a gastric tube feeding of a portion of their test diets after an overnight fast, there was a twofold increase in the intestinal apo B mRNA level and a similar increase in the transcriptional activity of the apo B gene independent of dietary composition. We conclude that, with the diets we used, nutrient intake alone has, in rabbits, a major effect on apo B gene expression at the level of transcription. This factor should be taken into account when designing studies of intestinal gene expression. (Arteriosclerosis 8:797-803, November/December 1988) T he relatively recent cloning of the cDNAs and the genes for the mammalian apoproteins has provided the probes needed to begin the study of the regulated expression of these genes. Particular interest has focused on apoprotein B (apo B). This is the major protein component of low density lipoproteins (LDL) and serves as the ligand for the well-characterized LDL receptor. In humans, plasma levels of both LDL cholesterol and apo B are positively correlated with the risk of developing coronary artery disease.
T he relatively recent cloning of the cDNAs and the genes for the mammalian apoproteins has provided the probes needed to begin the study of the regulated expression of these genes. Particular interest has focused on apoprotein B (apo B). This is the major protein component of low density lipoproteins (LDL) and serves as the ligand for the well-characterized LDL receptor. In humans, plasma levels of both LDL cholesterol and apo B are positively correlated with the risk of developing coronary artery disease. 1 In mammals, apo B is synthesized in two forms. In the small intestine apo B-48, a monomeric protein of approximately 241 000 daltons, is made; in the liver apo B-100, a monomeric protein of approximately 513 000 daltons, is made. The B-48 protein is identical to the first 2152 /V-terminal amino acids of the B-100 protein. 2 Since the apo B gene is a single copy gene, and the intestinal and hepatic genes are identical, it has not been clear how two different sized proteins result. Recent evidence indicates that there is a posttranscriptional modification of the intestinal apo B RNA so that a translational stop codon appears approximately midway down the mRNA. 34 Apo B-48 appears in lipoproteins carrying lipids of dietary origin (chylomicrons secreted by the intestine), whereas apo B-100 is found in lipoproteins carrying lipids of endogenous origin (LDL and very low density lipoproteins [VLDL] ). Although it has been known for years that plasma levels of apoproteins and lipoproteins can be changed by a variety of factors such as diet, hormones, and age, there is little information about the relationship between these plasma responses and the transcriptional activities of the apoprotein genes.
In this paper, we report the effects on apo B gene expression of diets that mildly elevate the plasma cholesterol levels in rabbits, an animal that has served as a valuable model of mammalian lipoprotein metabolism. 5 Besides determining steady-state levels of apo mRNA, we also report changes in the transcriptional activity of the apo B gene that suggest that transcriptional, rather than posttranscriptional, mechanisms are associated with changes in the steady-state levels. Finally, since it has been reported that nutritional status (fed vs. fasted) can affect specific gene expression, 67 we also report results that indicate that nutritional status has effects on apo B gene expression independent of diet composition, with a relatively greater effect in the small intestine.
Methods
All reagents were of the highest grade commercially available unless otherwise specified.
Animals
Adult male New Zealand albino rabbits (Hazelton, Denver, PA) were maintained on cholesterol-free, semipurified diets designed either to moderately elevate plasma cholesterol levels (saturated fat-containing diets) or to maintain levels similar to those obtained in chow-fed animals (unsaturated fat-containing diets). By weight, the saturated fat-containing diet consisted of 38.6% sucrose, 25% casein, 0.2% D,L-methionine, 15% cellulose, 1 % vitamin mix, 5% mineral mix, 0.2% choline, and 15% hydrogenated soybean oil. The unsaturated fat-containing diet was identical except that instead of the 15% hydrogenated soybean oil, it contained 15% soybean oil.
The animals were fed these diets for 4 months and were studied in either the fed or the fasted state. In the fasted state, the animal's food was withdrawn the night before sacrifice. In the fed state, the animal was sedated 2 hours before sacrifice with an intramuscular injection of 0.08 mg fentanyl and 5 mg droperidol and was then given 10 grams (approximately 1/6 of its daily intake) of its food as a slurry by stomach tube. Preliminary studies showed no effects of the sedative either on plasma lipids or on hepatic and intestinal apo B mRNA levels (data not shown). The animals were euthanized by an intravenous injection of sodium pentobarbital (120 mg/kg) and immediately dissected. All animal procedures were done in accordance with NIH and institutional guidelines.
Nuclei Preparation
The liver and small intestine of the animals were perfused with ice-cold normal saline, and samples of each lobe of the liver, as well as the middle third of the small intestine (approximately 36 cm of jejunal tissue) were removed for further processing. The intestine was slit open, placed in a Petri dish filled with ice-cold normal saline, and gently rubbed with a gloved finger to remove any remaining debris. The intestine was then placed, with the luminal surface up, in another dish that contained 40 ml of ice-cold homogenizing buffer 8 (Buffer A: 40 mM KCI, 10 mM NaCI, 0.15 mM spermine, 0.5 mM spermidine, 15 mM )3-mercaptoethanol, 15 mM phenylmethylsulfonyl fluoride). A clean, single-edged razor blade was used to gently scrape off the mucosal cells, leaving the muscular and connective tissue framework intact. The buffer and scraped cells were transferred to a glass Dounce homogenizer and the cells were homogenized with five strokes using a size B pestle (0.06 to 0.14 mm clearance).
The liver pieces were minced with a scalpel, and approximately 6 g were mixed with 40 ml of Buffer A and were homogenized as above. The homogenates from both tissues were filtered through two layers of gauze and the nuclei were isolated as follows. A filtered homogenate (20 ml) was layered onto 10 ml of a cushion of ice-cold Buffer B (Buffer B: same as Buffer A except 1.2 M in sucrose) in 40 ml tubes. These were centrifuged at 4°C for 10 minutes at 160 g in a swinging bucket rotor. Pelleted nuclei were resuspended in 20 ml of ice-cold Buffer A and were layered onto another 10 ml cushion of ice-cold Buffer B and pelleted again as above. The pellets from each tissue of the same animal were combined by resuspension in 3 ml of Buffer C (Buffer C: 50 mM Tris/HCI [ph 8.0], 5 mM MgCI 2 , 0.1 mM EDTA, and 40% [vol/vol] glycerol); 100 fi\ were removed for quantitation of nuclei. The remainder was frozen in a dry ice-ethanol bath and stored at -70°C until the transcription assay. Quantitation of nuclei was done by lysis in 0.1 M NaCI-1 % sodium dodecyl sulfate (SDS) and measuring absorbance at 260 nm.
Transcription Assay
We used the nuclear "run-on" technique to determine transcriptional activity. 9 The nuclei were thawed on ice. A volume containing 200 /xg of DNA was removed and centrifuged for 2 minutes at 160 g at 4°C in a swinging bucket rotor. The pellet was resuspended on ice in 200 /tl of a buffer containing 10 mM NaCI, 20 mM HEPES (pH 7.5), 5 mM Mg (OAc) 2 , 0.1 mM EDTA (pH 8.0), 16% (vol/vol) glycerol, 2 mM DTT; then 200 /xCi of a-^P-UTP (3000 Ci/mmol, Amersham, Arlington Heights, IL), 400 units of RNase inhibitor (RNASIN, Promega, Madison, Wl), and 400 /J,M each of ATP, GTP, and CTP were added. Since time-course studies showed the linear incorporation of isotope into acid-precipitable material during the first 10 minutes (data not shown), the nuclei were incubated with gentle shaking at 26°C for 10 minutes and the reaction was terminated by adding 1.0 ml of 4 M guanidinium isothiocyanate (Fluka, Hauppauge, NY), 5 mM NaCitrate (pH 7.0), 0.1 M /3-mercaptoethanol, and 0.5% (wt/vol) n-laurylsarcosine (Sigma Chemical Company, St. Louis, MO). This viscous solution was passed through a 21 -gauge needle three to five times. Cesium chloride (0.5 g) was added and dissolved, and the solution was layered into a polyallomer tube containing a 1.2 ml cushion of 5.7 M CsCI, 0.1 mM EDTA (pH 8.0) for overnight centrifugation at 20°C at 35 000 rpm in an SW50.1 rotor. The pellet was resuspended in water (900 /xl) and treated with 2 M NaOH (100 /il) for 30 minutes on ice; 1 M acetic acid (200 /xl) was added, and the RNA was precipitated overnight at -20°C after addition of 2.5 volumes of ethanol. The pellet was resuspended in water (100 /tl), an aliquot was saved for analysis by trichloroacetic acid (TCA) precipitation, and the remainder was used for hybridization to cDNA bound in excess to Nytran membranes (Schleicher and Schuell, Keene, NH).
Single-stranded DNAs (5 /xg) were bound to Nytran membranes by dot blotting as described elsewhere. 10 These DNA samples included cDNAs from the 5' end of the human apo B gene (a gift of Samir Deeb), an RNA gene repeat (a gift of James Sylvester), a mouse actin gene (a gift of David Friedman), and plasmid controls. Preliminary studies by us and others 11 had shown that rat and human apoprotein probes were sufficiently homologous to rabbit RNA and DNA to obtain specific hybridizations as assayed by Northern and Southern blots. Holepunched circles containing test DNAs were pre-annealed for 4 to 6 hours at 65°C in a 1.8 ml freezing vial containing 300 /il of prehybridization solution (0.02 M Tris/HCI [pH7.5], 0.6 M NaCI, 0.02 M EDTA [pH 8.0], 1x Denhardt's, 1% [wt/vol] NaPyrophosphate, 0.2% [wt/vol] SDS, and 1 mg/ml tRNA). The filters were removed and hybridized to radiolabeled RNA (4x 10 6 cpm) isolated from the nuclear transcription assays for 48 hours at 65°C in 300 fi\ of buffer containing 0.024 M Tris/HCI (pH 7.5), 0.7 M NaCI, 0.024 M EDTA (pH 8.0), 1.2x Denhardt's, 2% (wt/vol) NaPyrophosphate, 0.2% (wt/vol) SDS, and 1.5 mg/ml tRNA. Filters were washed thrice for 1 minute in 0.5 M NaCI, 0.01 M Tris/HCI (pH 7.5). RNase-A (BoehringerMannheim, Indianapolis, IN) was added to 125 /ig/ml, and the filters were incubated for 30 minutes at 37°C with shaking. The final washing of the filters was at 52°C, twice with 2x SSC (1 x SSC is 0.15 NaCI and 0.015 M NaCitrate) in 0.1% (wt/vol) SDS for 15 minutes and once with 0.5x SSC in 0.1% (wt/vol) SDS for 15 minutes. The filters were dried and exposed at -70°C to Dupont Cronex Lightning-Plus screens and Kodak XAR-5 film for varying times. The relative signal intensities on the autoradiograms were determined with an E-C densitometer (E-C Apparatus Corporation, St. Petersburg, FL). Alternatively, signal inten- sities were quantitated by placing them in Aquasol (New England Nuclear, Boston, MA), and scintillation counting was performed with a Beckman LS-6800 machine.
RNA Determinations
The total RNA was isolated by homogenization of tissue in guanidinium isothiocyanate and pelleting of RNA through cesium chloride.
12 Approximately 3 to 5 grams of liver tissue and 1 gram of scraped intestinal cells were used. After phenol extraction and ethanol precipitation, 13 optical density measurements at 260 nm and 280 nm were taken to assess both quantity and purity of the RNA. For each sample, three amounts (100,50, and 25 ^g total RNA) were dot-blotted onto Nytran membranes according to the manufacturer's protocol. Alternatively, selected RNA samples were fractionated by denaturing gel electrophoresis followed by Northern blotting to Nytran. 13 Prehybridization and hybridization conditions were also done as recommended by the manufacturer. The hybridization probes were the cDNAs used in the transcriptional assays and were labeled with a 32 P-dCTP (800 Ci/mmol, New England Nuclear, Boston, MA) with the BRL nick translation kit (BRL, Gaithersburg, MD).
After high stringency washing (52°C, O.ixSSC-1%SDS), the filters were dried and were exposed at -70°C to Lightning-Plus screens and XAR-5 film for varying times. Relative signal intensities on the autoradiograms were determined with an E-C densitometer.
Cholesterol Determinations
Plasma cholesterol levels were determined by an enzymatic assay of total and fractionated plasma samples as previously described.
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Results
The plasma cholesterol values for the animals are given in Table 1 . in addition, the values for one animal (hereafter called the hyperresponder) that was fed saturated fat and had the greatest response to diet are also listed. As can be seen, the animals on the saturated fat-containing diets had a significant increase in total plasma cholesterol distributed among all the lipoprotein classes except high density lipoprotein (HDL). The hyperresponding animal's level of total plasma cholesterol was more than twice as high as the mean for its dietary group.
Four animals in each dietary group were grouped according to their nutritional status at the time of sacrifice (i.e., fasted or fed). Steady-state levels of mRNA for apo B and actin were determined in the small intestines and livers from these animals, and representative dot blots are shown in Figures 1 and 2 . To validate the quantitation of apo B mRNA by dot blotting, selected samples were also assayed by Northern blots. The same relative levels were obtained (data not shown). are given in Table 2 . As can be seen in Figures 1 and 2 , there were increases in the steady-state levels of the apo B mRNA associated with both changes in diet and nutritional status. Feeding, independent of diet, was associated with an approximately twofold increase in the small intestine (Figure 1 ), whereas more modest changes were seen in the liver (Figure 2 ). The effects of diet were somewhat dependent on what the nutritional status of the animal was at the time of sacrifice; i.e., in fasted animals, apo B mRNA levels in the liver and intestine were similar in both dietary groups, but in fed animals, there was a 20% increase in the levels in the liver and small intestine, which was associated with the saturated fat-containing diets. The actin mRNA levels served as controls. While actin levels were higher in the intestine (probably due to the mitotic activity of this tissue) as compared to the liver, there were no significant changes in a given tissue associated with nutritional status or diet (Figures 1 and 2 ).
When the hyperresponding animal was compared to other members of its dietary and nutritional status subgroup, the steady-state level of apo B in the liver was approximately two-thirds that of the group value, while the intestinal levels were, if anything, slightly increased ( Figure 3) . Again, the actin control was unchanged.
To determine whether transcriptional or posttranscriptional factors were responsible for the almost twofold increases in intestinal apo B mRNA levels described above, we performed nuclear run-on assays on nuclei isolated from the intestines of fed and fasted animals receiving the saturated fat-containing diets. These results are shown in Figure 4 , rows A (fasted animals) and B (fed animals). The signal for apo B was stronger in fed animals (approximately a twofold increase), while the background and actin signals were unchanged (as quantitated by densitometry of underexposed blots and scintillation counting of the filters). In addition, nuclear run-on assays of liver nuclei of the hyperresponding animal (row D) and of a normally responding animal (row C) suggest that there was a decrease of approximately 50% in the transcriptional activity of the hepatic apo B gene in the hyperresponder, which was associated with the decline in the steady-state mRNA level.
Discussion
We have found that the effects of diet on the expression of the apo B gene in rabbit liver and intestine were . Dot-blot analysis of intestinal and hepatic mRNA levels for apo B and actin in rabbits that differed in response of plasma cholesterol levels to dietary fat. RNA analysis was done as described in the text and Figure 1 legend. Both animals were studied in the fasted state. The plasma cholesterol level in the hyperresponding rabbit was 446 mg/dl; for the average responding rabbit, the level was 211 mg/dl. occurred in the liver, though the magnitude was smaller; i.e., the increase in hepatic apo B mRNA associated with the saturated fat-containing diet was observed only in the fed animals. The greatest relative changes in the steady-state levels of apo B were found in the intestine and were independent of dietary composition. An approximately twofold increase in the intestinal apo B mRNA level was associated with the fed state in both dietary groups. A more modest increase was seen in the liver. Transcriptional activity assays suggested that these twofold increases in the intestine associated with fat-feeding were attributable to increased apo B gene transcription and not to posttranscriptional events such as mRNA stability or translational control. In the hyperresponding animal, the higher level of plasma cholesterol was associated with decreases in both the steady-state level of apo B mRNA and the transcriptional activity of the apo B gene in the liver.
A twofold increase in the production of a large (14 kb) mRNA represents a major metabolic commitment by the enterocyte. Furthermore, the subsequent steps of the translation of the mRNA and the synthesis of the protein would represent a still greater investment in cellular energy and material. It would be unlikely that a stimulus to produce more apo B that acts at the transcriptional level would be the best way for an enterocyte to respond rapidly to such an unpredictable stimulus as a meal. A more likely scenario is that there is a preformed pool of apo B in the enterocyte and that the assembly of chylomicrons depletes this pool, which in turn stimulates, at the transcriptional level, the production of apo B for pool repletion. Consistent with our findings are studies on rat jejunal apoprotein synthesis during fat absorption. 15 Within 2 hours of admin- Figure 4 . Nuclear run-on assays of the transcriptional activities of the apo B and actin genes from rabbit intestine and liver. Radiolabeled RNA was purified from isolated nuclei and was hybridized to filters containing cDNA probes as described in the text The probes were: column 1. pUC (cloning vector); 2. actin; 3. apo B. The nuclei were isolated from tissues of rabbits on saturated fat-containing diets as follows: Row A. fasted, intestine; B. fed, intestine; C. fasted, liver (average responder); and D. fasted, liver (hyperresponder).
influenced by the nutritional status of the animals at the time of sacrifice. Saturated fat-containing diets that raised the plasma cholesterol levels were associated with an approximately 20% increase in the mRNA levels for apo B in the intestine, as compared to the control group, when the animals in both groups were studied in the fed state. When both groups were studied in the fasted state, there was no difference in the intestinal levels of apo B mRNA in the animals on the two diets. A similar response istration of corn oil by gastric tube to overnight fasted rats, apo B synthesis increased approximately twofold in the enterocytes as assessed by tissue immunofluorescence and gel analyses of cell homogenates. On the other hand, it has also been reported that in rat jejunum, apo B synthesis is not regulated by acute changes in triglyceride intake. 16 There is no clear explanation for the discrepancy in these results. In either case, however, results from rat studies may not be entirely relevant to our findings because of the well-known differences in lipoprotein metabolism between rats and rabbits. For example, the rat is relatively resistant to atherosclerosis, has a different lipoprotein profile (most of its plasma cholesterol is carried on HDL), and would not have become hyperlipidemic on the saturated fat-containing diet we used. The effects of such diets on lipoprotein profiles and plasma cholesterol levels in humans, on the other hand, are similar to those produced in rabbits. 17 It is interesting, therefore, to note a recent report on apoprotein metabolism in the human intestinal cell line, Caco 2, that suggests that apo B synthesis is regulated by the presence of fatty acids. 18 No studies of apo B mRNA and synthesis comparable to those discussed above have been reported in the rabbit. There is a recent study examining apo B mRNA levels in the intestine and liver of rabbits on cholesterolcontaining diets. 19 It was found that the jejunai levels of apo B mRNA increased, while hepatic levels decreased. However, the animals were sacrificed randomly with respect to their last meal. It is tempting, nonetheless, to speculate that there is a regulatory pathway for apo B gene transcription in the rabbit liver that is somehow related to the level of plasma cholesterol. This would explain the findings in the cholesterol-fed rabbits and in our hyperresponding animal, all with extremely elevated plasma cholesterol levels, that the hepatic levels of apo B mRNA were decreased. Consistent with this hypothesis is the suggestion that, in tissue culture studies, LDL decreased the level of apo B mRNA in HepG2 cells. 20 The fact that the peak values for intestinal apo B mRNA were slightly higher in the rabbits fed saturated fat may be related to experiments showing that, although saturated and unsaturated fat feeding results in an equivalent number and size distribution of chylomicrons, there is a greater content of apo B in chylomicrons after saturatedfat feeding. 21 Alternatively, the absorption of the two fat sources in our animals could have differed. However, such differential absorption has not been shown to be a factor in previous dietary studies. 22 The more modest changes in apo B mRNA levels that we found in the liver are consistent with previous studies in both rabbits and nonhuman primates. 1923 Since lipoprotein metabolism in the liver is different from that in the intestine, it is not surprising that the same factors would have different effects in each tissue.
Important support to our data on the tissue levels of apo B mRNA are provided by the transcriptional activity assays. The significant changes in mRNA levels were paralleled by similar changes in the synthesis of apo B mRNA. There is a growing list of genes whose expression is modulated at the posttranscriptional level, 924 but our results suggest that the effects of fat-feeding operated mainly at the level of transcription. Furthermore, the data on actin, which showed no significant change either in the transcription of the gene or in the level of mRNA, imply specific effects on apo B transcriptional activity.
In conclusion, our major finding is that the feeding of a cholesterol-free fat-containing meal is associated with an almost twofold increase in the apo B mRNA levels and in the transcriptional activity of the apo B gene in the rabbit jejunum. The relative increase in mRNA level was independent of the type of dietary fat (saturated vs. unsaturated), whereas the absolute increase was slightly greater in rabbits fed the saturated fat. Many investigators study animals in only one nutritional state (fasted, fed, or random time after feeding); thus the effects of particular dietary constituents on enterocyte lipoprotein metabolism may be confounded or obscurred by the independent effects of time of ingestion. We propose that the factor of nutritional status be included in the design of studies investigating the regulation of intestinal apoprotein gene expression.
